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Death effector domain—containing protein
DEDD) is required for uterine decidualization
during early pregnancy in mice

Mayumi Mori,! Miwako Kitazume,! Rui Ose,2 Jun Kurokawa,' Kaori Koga,3
Yutaka Osuga,? Satoko Arai,! and Toru Miyazaki?

'Laboratory of Molecular Biomedicine for Pathogenesis, Center for Disease Biology and Integrative Medicine, Faculty of Medicine,
The University of Tokyo, Bunkyo-ku, Tokyo, Japan. 2Department of Human Genome Research, Kazusa DNA Research Institute,
Kisarazu, Chiba, Japan. *Department of Obstetrics and Gynecology, Faculty of Medicine, The University of Tokyo, Bunkyo-ku, Tokyo, Japan.

During intrauterine life, the mammalian embryo survives via its physical connection to the mother. The uter-
ine decidua, which differentiates from stromal cells after implantation in a process known as decidualization,
plays essential roles in supporting embryonic growth before establishment of the placenta. Here we show that
female mice lacking death effector domain-containing protein (DEDD) are infertile owing to unsuccessful
decidualization. In uteri of Dedd”/~ mice, development of the decidual zone and the surrounding edema after
embryonic implantation was defective. This was subsequently accompanied by disintegration of implanta-
tion site structure, leading to embryonic death before placentation. Polyploidization, a hallmark of mature
decidual cells, was attenuated in DEDD-deficient cells during decidualization. Such inefficient decidualiza-
tion appeared to be caused by decreased Akt levels, since polyploidization was restored in DEDD-deficient
decidual cells by overexpression of Akt. In addition, we showed that DEDD associates with and stabilizes cyclin
D3, an important element in polyploidization, and that overexpression of cyclin D3 in DEDD-deficient cells
improved polyploidization. These results indicate that DEDD is indispensable for the establishment of an

adequate uterine environment to support early pregnancy in mice.

Introduction
Approximately 10%-15% of couples experience infertility during their
reproductive years, owing mainly to implantation failure. Among the
reasons underlying such failure, defective development of functional
decidua at the implantation site within the uterus has recently been
highlighted (1-3). In response to implantation, stromal cells immedi-
ately surrounding the mucosal crypt where the embryo is embedded
proliferate extensively and undergo differentiation into polyploid
decidual cells, forming an avascular primary decidual zone, followed
by a broad, well-vascularized secondary decidual zone. It is believed
that this decidual structure is important for the provision of nutrition
to the developing embryo and also acts as a barrier against uncon-
trolled trophoblast proliferation until the placenta develops. Analyses
of mutant mice that show female infertility, such as in knockout mice
for homeobox A10 (Hoxal0) (4, 5) or IL-11 receptor (6), have contrib-
uted to the investigation of the molecular mechanisms involved in
decidualization. Recent evidence has implicated cell-cycle regulation
as being essential for both the proliferation and differentiation of
stromal cells. [n particular, Das and colleagues reported that cyclin
D3-dependent activation of cyclin-dependent kinase 4 (Cdk4) or
Cdk6 appears to be involved sequentially in those two events during
decidua formation (7). In addition to these essential elements, in this
report, we present data indicating that the death effector domain-
containing (DED-containing) protein DEDD is indispensable for the
maturation of decidual cells and support of female fertilicy in mice.
We previously found that the DEDD protein, initially described as
a member of the DED-containing protein family, is associated with
the Cdk1/cyclin B1 complex, thereby decreasing the kinase activity
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of Cdk1 (8). This response impedes Cdk1-dependent mitotic pro-
gression, preserving synthesis of ribosomal RNA (rRNA) and pro-
tein and resulting in sufficient cell growth before cell division (8,
9). Consistently, depletion of DEDD results in a shortened mitotic
duration, an overall decrease in the amount of cellular rRNA and
protein, and decreased cell and body size (8, 9). In addition to the
function of DEDD as a cell-cycle regulator, we recently determined
that DEDD associates with S6K1 (10) and Akt (11), major elements
of the signaling cascade involving mitogen-related PI3K. Such asso-
ciations support the roles of S6K1 activity and Ake protein stability,
respectively, in contributing to the maintenance of glucose homeo-
stasis in the body (10, 11). Hence, DEDD is multifunctional and is
involved in different physiological mechanisms. In fact, we found
that female Dedd~~ mice are infertile, and embryos of all DEDD gen-
otypes die during early pregnancy within the Dedd~~ uterus, whereas
S6K 1+~ female mice, which also show a similar small phenotype and
attenuated glucose homeostasis, show normal fertility (12). Given
the phenotypic similarity of Dedd”~ mice to other infertile mutant
mice (4-6), this observation led us to address whether DEDD might
also be involved in uterine decidualization.

In the present study, we assessed embryos implanted in Dedd~~
uteri. In addition, we analyzed the maturation state of uterine
decidual cells from Dedd~~ mice in vitro and in vivo. We also stud-
ied the molecular mechanism underlying the inefficient decidual-
ization of Dedd~ cells.

Results
Female Dedd~~ mice are infertile. We found that Dedd-~ female mice
exhibited complete sterility when mated with males of any geno-
type (Dedd -, Dedd”~, or Dedd""), although Dedd~~ offspring were
born from the intercross of Dedd”~ mice at a Mendelian ratio, and
Number 1
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Table 1
Female Dedd~"mice are infertile

Genotype Offspring
Female Male ++ +- -/~ Sum
+/+ +/- 13 (46%) 15 (54%) 0 (0%) 28
++ —/- 0(0%) 87 (100%) 0 (0%) 87
+/- +/+ 24 (51%) 23 (49%) 0 (0%) 47
+- +/- 108 183 66 357
(30%) (51%) (19%)
H- -~ 0(0%) 47 (64%) 27 (36%) 74
-/~ +/+ 0 0 0 0
-/~ +- 0 0 0 0
-/~ —/- 0 0 0 0

The breeding efficiency in male-female combinations of various DEDD genotypes was investigated. Sum,
total number of newbomns; n, number of successful matings (with a vaginal plug); birth rate: sum/n.

Dedd~- male mice were fertile (Table 1). Mating efficiency was
comparable in female Dedd~- mice and female mice of other geno-
types, as assessed by vaginal plug formation (data not shown). The
uterine Dedd mRNA level was upregulated after 4.5 dpc as assessed
by quantitative RT-PCR (QPCR) (Figure 1A). An increase in Dedd
expression was also observed in stromal cells differentiated to
mature decidual cells in vitro in the presence of estrogen, proges-
terone (P4), and heparin-binding EGF-like growth factor (HB-
EGF) (Figure 1B). Upregulation of DEDD expression along with
the decidualization was also detected in human uterine stromal
cells (Figure 1C). These results suggested that uterine DEDD is
important after implantation and that the marturation of uterine
decidual cells may be associated with DEDD expression.
Consistently, when 4.5-dpc uteri were analyzed with injection of
blue dye (1% Chicago blue solution) (13), the number of implanta-
tion sites was comparable in Dedd~~ and Dedd”* mice (6.8 + 0.73 in
Dedd~~ mice and 7.4 + 0.40 in Dedd”* mice; n = 5 each). In addition, the
spacing and crowding of implanted embryos in the uterus was also
similar in Dedd '~ and Dedd"* mice (Figure 1D). Histologic analysis of
4.5-dpc Dedd~'~ uteri revealed normal embryonic implantation (Figure
1E). No difference was observed in the size of the edemartous region
and the decidual zone, which are formed in response to implantation
(Figure 1E). Immunostaining for COX-2, an implantation site marker
(14), corroborated the finding of normal embryonic implantation in
Dedd~~ and Dedd”" uteri (Figure 1E). Similarly, the mRNA level for
Ptgs2/Cox2 was comparable in Dedd~~ and Dedd " uteri, as assessed
by QPCR with total RNA isolated from implantation sites (data not
shown). However, anatomical analysis showed that in Dedd~~ uteri,
the number of living embryos decreased rapidly between 5.5 and 8.5
dpc (Figure 1F). At 9.5 dpc, the period of placenta formation, no living
embryos were detected in Dedd - uteri (Figure 1F). During this period,
living embryos in Dedd '~ uteri were of smaller size compared with those
in Dedd"* uteri, and the difference in average embryo size between
these two groups became more prominent at later dpc (Table 2).
Thus, whereas implantation occurred normally in Dedd '~ uteri,
embryos showed growth defects and died by 9.5 dpc, before placenta
formarion. Note that serum levels of estrogen and P4, as well as mRNA
levels for the receptor for each hormone (EsrI and Pgr, respectively)
were similar in Dedd~~- and Dedd”* females (Supplemental Figure 1;
supplemental material available online with this article; doi:10.1172/
JCI44723DS1). Preimplantation uterine histology was also compa-
rable (Supplemental Figure 2). In addition, the proliferation of uter-
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ine epithelial and stromal cells as well
as expression induction of genes such
as Vegfand Lif in response to estrogen
were similar in Dedd”~ and Dedd"*
ovariectomized mice (Supplemen-

! Birth rate tal Figure 3). In addition, histologic
168 ggg ovarian morphology, ovulation, and
10 470 intrauterine fertilization were normal
65 5.49 in Dedd~"~ females (data not shown).
Defective decidualization and disinte-
17 435 grated structure of the implantation site
23 0.00 in Dedd~~ uteri. Histological analysis
37 0.00 of 5.5-dpc uteri showed that the size
12 0.00 of the decidual zone was smaller in

Dedd "~ compared with Dedd”* mice
(Figure 2A). This was confirmed by
immunostaining for the decidua
marker tissue inhibitor of mertal-
loprorteinase 3 (TIMP3) (quantification also shown in Figure
2A) (15). Consistent with these results, mRNA levels for various
genes that are highly expressed in decidual cells were decreased
in Dedd~~ compared with Dedd"* uteri, as assessed by QPCR with
total RNA isolated from implantation sites (Figure 2B). Of these,
the expression level of P4-sensitive bone morphogenetic protein 2
(Bmp2) gene was compromised at 5.5 d.p.c in Dedd~~ uteri, whereas
that of Hoxa10, upstream of Bmp2 (5, 16, 17), was similar to that in
Dedd* uteri. In addition to the decidual zone, the size of the edem-
atous region surrounding the decidual zone was also decreased in
Dedd - compared with Dedd”* mice (Figure 2A), suggesting that
vascular permeability might be reduced in Dedd~- uteri.

Such attenuated development of the decidual zone in Dedd~~
uteri was accompanied by disintegrated structure of the implanta-
tion site at later phases of pregnancy. At 7.5 dpc, a large proportion
of decidual cells exhibited a shrunken shape, and marked bleed-
ing was detected at the edge of the cavity in Dedd - uteri (Figure
2C). In 8.5-dpc Dedd - uteri, the structure of the outer wall of the
embryonic cavity, which is supported by Reichert’s membrane and
trophoblastic giant cells (TGCs), had collapsed (Figure 2C), and
irregular distribution of TGCs (i.e., invasion of TGCs into inner
area of uteri) was more remarkable (Figure 2D). Such inadequate
uterine environment may cause infertility in female Dedd~~ mice.

Defective polyploidy in Dedd-'~ decidual cells. We next assessed the state
of polyploidy, a hallmark of mature decidual cells, in Dedd~~ and
Dedd”* uterine stromal cells undergoing decidualization in vitro in
the presence of estrogen, P4, and HB-EGFE. As shown in Figure 3A,
ardays 3 and 7, the proportion of multinuclear cells observed micro-
scopically was more than 50% smaller in Dedd - cells than in Dedd"*
cells. Consistent with this result, analysis of these cells by the flow
cytometer after DNA staining revealed a significant decrease in the
proportion of cells that possessed more than 4 copies of genomic
DNA (indicated as 4n and 8n) in Dedd~'~ compared with Dedd"* cells
(Figure 3B). Similar results were obtained in vivo in cells isolated
from 4.5-dpc implantation sites in Dedd~~ and Dedd"”* uteri by col-
lagenase treacment (Figure 3C). Thus, the defect in decidualization
observed in Dedd '~ uteri was associated with attenuated terminal
maturation with less polyploidy.

In contrast, the proliferative status of uterine stromal cells in
response to implantation was not different in Dedd~~ and Dedd*
mice, as judged by the comparable cell number isolated from
implantation sites at 4.5 dpc (1.08 x 10¢ + 0.15 x 10° in Dedd”~
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